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EWMMA.RY

Equilibriumtemperaturesandheat-trasferratesfor0.00015-and
O.00030-inchdiametertungstenwiresnormalto theflowweredetermined
throughouttheMachnmiberrange0.5to 2.5withReynoldsnumbervaryhg
betweenthelimits18and144. Thistestrangecorrespondstohot-wire
operationwithKkudsennunbervaryingfrom0.12to 0.005whereKnudsen
ntiersof 0.01ad 2 definethelimitsof continuumandfullyestablished
free-moleculeflow,respectively.

k Fortherangeofvariablesofthepresenttests,equilibriumtemper-
atureofthehotwireis dmmacterizedby constantrecoveryfactorfor
subsonicMachnunibersbutconstantequilibriumto totaltemperatureratio.
forsupersonicMachnumbers.At constantoverheatratio,theNusselt
numberwasfoundto dependonboththeMachnumiberandReynoldsnuuiber.
InthetransonicMachnuniberrange,theNusseltnuniberwasfoundto depend
primarilyonthe~udsennuniber.Measurementsto appraisetheeffectsof
operatingatvariabletemperaturepotentialrevesledthatthedegreeof
nonlinearityy betweenheat-transferrateandwiretemperaturepotentialis
determinedjointlyby theReynoldsnumiberandMachnumber.Fora given
Reynoldsnuuiber,theeffectismostpronouncedatMa& number1.

lNTROIXJCTION

Themeasurementof fluctuatingandmeanflowpropertiesinhigh-speed
gasesby hot-wiretechniquesrequiresa knowledgeofallquantitiesaffect-
ingtheheat-trsmferrate.Forconstantwiretemperature,earlyinvesti-
gatorsestablishedtheReynoldsandPrandtlnurikrsas governingparameters
atverylowsubsonicspeeds.Similarmeasurementsoftheheat-trsnsfer
rateattransonicandsupersonicspeeds(e.g., refs.1, 2, 3,andk)have

* establishedther@~ctionintheheat-transferratedue”to compressibility
effects.Althoughtheoretic&Lsmalysesofheat-transferratesin com-

3 pressibleflowsindicatecertai~trendsfoundby tests,themagnitudesare,
unfortunateely,notinagreement.Withoutcompletetheoretical.knowledge,
ithasthereforebeehnecessaryto establishempiricalcorrelationsof the
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heat-transferrateforhotwiresinorderto interpretthehot-wireout-
puts● Forsuccessfulapplication,suchcorrelationsorwirecalibrations .
mustincludeallpertinentvariables.

LowsubsonicMachnunibertestsatvariouswiretemperatures(e.g.
refs.5 and6) establishedthata nonlinear.relationexistsbetweenthe
heat-transferrateandthetemperaturepotentialofthewire. Iiilyert
(ref.6),forexample,founda 6-percentdeparturefroma linearvariation
intheheat-transferrateforwiretemperaturesof1~0° F comparedto
theratefoundfora wiretemperatureof200°F. At highspeeds,however,
an oppositenonlineartrendhasbeenobserved.KovasznayandTormarck
(ref.1),forexample,obtainedmeasurementsintherangeofMachnumbers
from1.1to 2.0whichindicatea departureofminus55percentunderthe
samewiretemperatureconditionsasHilpert’s.Becauserelativelyfew
calibrationshavebeenmadeintheMachnumberregionlyingbetweenthe
lowsubsonictestsofHilpert(Mz 0.06)andthesupersonictestsof
Kovasznay(M< 2),andbecausetheavailablecalibratiGms(refs.1, 2,

—

and3) exhibitdiscrepanciesbetweenoneanotherthatcannotbe accounted
forby knownexperimentalerror,theeffectofMachnuniberonthetemper-
aturenonlinearityisnotwelldefined.Furthermore,becausea hot-wire
surveyin,forexample,a high-speedboundarylayerencountersa wide
variationinMachntier,itis evidentthatthereexistsa needfordata
showingtheeffectofMachntier onnonlinearheat-transfertrends.

m
Theprincipalpurposeof thisreportistopresentananalysisof

heat-lossdatafromhotwiresoperatingthrcmghouttheMachnumbers0.3
to 2.5withtheintentto reveal.theeffectofJkxl.nuniberonthetemper- ‘
aturenonlinearities.A portionofthedatawhichareanalyzedhasbe=
publishedpreviously(ref.7). ~ese dataandadditionaldatagathered
subsequentlyformthebasisforthisstudy.Thedataareanalyzedin
threestages.TheeffectofMachnuriberandReynoldsnuniberis determined
upon(1)theequilibriumwiretemperature,(2)heat-transferrateat con-
stanttemperaturepotential,and(3)temperatureloading
Thistivisionconstitutestheplanofthereport.

& mesnoverheatratio,

c free-streamspeedof

D wirediameter,ft

SYMBOLS

Rw - Re dimensionless
Re

sound,ft/sec

nonlinearities.

Cp specificheatat constantpressure,Btu/lb%

h convectionheat-transfercoefficient,Btu/secft2%

g gravitationalforceperunitmass,32.2ft/see2
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J

K

k

z

M

I$f

NN

Np

s

t

EC

v

z

wirecurrent,smp

thermal

thermal

thermal

equivalentof electricalenergy,9.48x10-4Btu/wsec

conductivityofwirematerial,Btu/secft %

conductivityofgas,Btu/secft %

wirelength,ft

Machnunber,~ , dimensionless

NusseltnuniberhD‘G

Prandtlnumber,~

Reynolds

overheat

recovery

Ii

nuniber,*

%?ratiofunction,—
l+%

factor

wireresistance,ohms

dimensionlessgroupingthatcharacterizestheend-losscorrection,

:~~

temperaturepotential,~ - Te,%

absolutetemperature,%

free-streamvelocity,ft/sec

end-losscorrection,convectionheattransfer
electricalinput

first-ar.dsecond-ordercoefficientsofresistivity,q-~ and~-2,

respectively,R = Rf (1+ a@ + ~ft2)

ratioof specificheats,1.11.Oforair

— —
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P

approximaterateofincreaseof end-losscorrectionwithoverheat —

()
.

azratioovertherangeO < ‘~< 1, —
*W g!

evaluatedunder
= 0.50

theassumptionthat 13= ~ = O —

nonlinearoverheatratiocoefficient,h = %(1 - ~~)

free-stresmviscosity,lb sec/ft2

free-streamdensity,slugs/cuft

temperaturecoefficientofwirethermalconductivity,

%-’, K = K&(l- ot)

Subscripts

talc calculatedvalue

e equilibrium

f valueat 492°R

o zerooverheatratio

r referencecondition

t stagnationstate

w wire

superscripts

r) spanwi.seaveragevslue

( )* limitingcaseforindefinitelylongwire
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EXPERIMENT&GEQUI-T

WindTUIIIEh

ThedatawerecollectedintheAmes2-by 2-foottransonicwindtumnel
sudtheAmes1-by 3-footsupersonicwindtunnelno.1. !l%esefacilities
areclosed-circuit,centinuous-operation,variable-pressuretypes,anduse
dry,filteredairas theworkingfluid.The2-by 2-footwindtunnelwas
operatedthroughtheMachnuniberrmge C).~ to1.4atnominalvaluesof
Reynoldstier perfootof 2.25,4.0,and~.~ mUlion. Datawere
obtaimedfromthe1-by 3-footwindtunnelintheMachnumberrangefrom
1.4to 2.5andsubsonicmeasurementsbetweenMachtiers 0.4and0.8
werealsomadeinthisfacility.‘heReynoldsntier rangewassub-
stantiallythesameas thatcoveredinthe2-by 2-footwindhmnel. The
hotwireswerelocatedonthecenterlinesofthewindtunnelsat a fixed
longituttlnalpositionin eachofthetestsections.

Hot-WireEquipment

Heat-lossdatawereobtainedusinga constantcurrenthot-wire+ anemometerdevelopedby theAmesWindTunnelInstrumentResearthBranch.
A tiewoftheequipmentis showninfigure1 slongwitha basicdiagram

a ofthedirect-currentmeasuringcircuit.Directcurrentforheatingthe
wireisobtainedfroma full-waverectifier.Therectifieroutputis
smoothedby chokefiltersandisregulatedby a scriesvoltageregulator.
As showninfigure1(b),wireresistanceismeasuredby a conventional
Wheatstonebridgecircuitwiththewireforndngoneleg. Leadresistance
is determinedpriortotestingandis setontheleadresistancetrimmer
sothattheresistancedecademeasuresonlythewireresistsmce.The
electronicnullindicatoris essentiallya d-camplifierandgslvsnometer.
Wirecurrentis obtaindby measuringthevoltagedropacrossthe10-ohm
resistorwitha potentiometerthatisincorporatedintheinstrument.The
precisionof a singlemeasurementis characterizedby a relativeerror
ofabout1/4percent.

Hot-WireProbe

A typicslhot-wireprobeis shownin figure2. Theprobeconsists
oftwoconiW-tipped,high-carbonsteelneedlesMedded in a lucite
Cytinder. Principaldimensionscanbe obtainedfromthefi@re. Tungsten
wireswithnominaldismeterseitherof O.0001~orof 0.00030incharespat-
weldedto theconetips. Resistance-t~eraturecharacteristicsofthe
tungstenwiresusedinthepresenttestsaregivenintable.I. Tbemethods
usedto determinethesepropertieswillbe describedina latersection.
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Theprobeswere
tunnel;the20°

sting-mountedduringthetestsinthe2-
wedgesurfacesoftheprobeweremounted
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by 2-footwind
flushwiththe

surfacesofa 20°symmetricalwedgespinning
thetestsInthe1-by 3-footwindtunnel.

TESTPROCEIWRE

thetestsectionduring

ForeachfixedflowconditionofMachnumberandReyaoldsnumber,
thefollotiingthreetypesoftestswerecarriedout:

1. Determinationoftheactlabaticresistanceofthewirein order
to findtheequilibriumtemperature.

-.

2. Measurementofthetotalheat-transferratefromthehotwire
atsmarbitrsryconst~toverheatratio.

3. Measurementofthetotalheat-traasferrateatvariousadditional
overheatratiosto deternlnethenonlinearitybetweentheheat-transfer
rateandthewiretemperaturepotential.

Theflowccmdi,tions.forthesemeasurementsweresystematicallychanged
byholdingthefree-streamReynoldsnu?iberc6nstantwhiletheMachnumber

$ _.

wasvariedfrom0.5to 2.5. OperationatReynoldsnumbersperfootfrom
2.25to 5.75minim resultedinReynoldsnunibersbasedonwirediameter
from18to 144.

*
Thetechniquesemployedforeachofthethreephasesof

hot-wiremeasurementat a givenflowconditionarediscussedinthe
followingparagraphs.

:

EquilibriumTemperature

asa
Equilibriumtemperatureswereobtainedby employingthetungstenwire
resistancethermometer.Priorto eachconstantReynoldsnumberrun,

theadiabaticwireresistancewasdeterminedinan essentiallyincom-
pressibleflow(M= 0.07)atatmosphericpressure.Thi,smeasurementat
thereferenceconditionwasrepeatedbefore_~chtestsothatequilibrium
temperaturescouldbe foundfromthemeasuredchangesinthe“cold”
resistances.Thecold-wireresistancewasdeterminedby extrapolation
ofresistancesobtainedwithverylowcurrentsflowingthroughthewire.

—

Thesmallcurrents
zerocurrentvalue

utilizedres~tedinresistanceco=rectio=stothe
thatwereoftheorderof1 percent. ..

●

b
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Heat-TrsnsferRate at ConstantOverheatRatio

Afterobtainingtheadiabaticresistance,thewirewasheatedwith
an electriccurrmkuntilthemeanresistancewasincreasedby 5 percemt.
Thiscorrespondsto a mesuoverheatratioof0.95.Resistanceandcurrent
measurementsthengavethetotalpowerinputtothewire. Theinputswere
correctedforheatconductionoutofthe~ds ofthewireby themethod
ofreference1. A valueof 0.95foroverheatratiowaschosenas anupper
limitinordertoavoidexceedinga meanwiretemperaturepotentialof
400°F, correspondingtothetemperaturebelowwhichoxidationoftungsten
wireisnotserious(ref.2). Wireresistanceata specifiedreference
tmrperaturegraduallyincreaseddueto S1OWoxidationandto otherfactors
suchasimpactstithdustparticleswhichmayhavecauseda permanentset,
andpropertyvariationsdueto theannealingassociatedwiththerepeated
beatings. An assessmentofthewirestabilitywasobtainedby notingthe
driftinthecoldresistancemeasurementsmadeat therefer=cecondition.
Thesechecks,madeinthe2-by 2-foottraasonicwindtunnelonly,indi-
catedthata‘maximumdrift
continuous-runperiod.

Heat-T@msfer
*

Indirectmeasurements* heat-transferratesmdthe

of1 percentcouldoccurovera 12-ho&

RateatVariousOverheatRatios

oftheno~earity thatexistsbetweenthe
meamtemperaturepotentialwereobtainedby

operatingthewireatvariousoverheatratiosfrom0.25to 0.95. These
measurementsweremadeatReynoldsnunibersbasedonwirediameterof 26,
52,and100. !lhetechniqueofusingcurrentandoverheatratiomeasure-
mentsto obtainmeasuresof a nonlinearoverheatratiocoefficientis
subsequentlydevelop-inthesectionondatareduction.

IW2A

Equilibrium

REIIJCTION

WireTemperature

Equilibriumwiretemperatureswerecalculatedfromtheapproxi~te
linearrelationthatexistsoversmalltemperatureintervalsbetweenwire
resistanceandtemperature:

Re = Rr [1+ ~r(Te- ~)] (la)

Re - RrTe=Tr+_
R*

“-

fromwhich
i

(lb)
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me referencetemperatureof eqyation(lb)correspondedtothestagnation
temperaturethatexistedwhenthetunnelwasoperatedat M = 0.07snd .
atmosphericpressure.

Equilibriumtemperaturedataforthehotwirewerethenreducedto
theusualequilibriumto totsltemperatureratio Te/Tt.Therecovery
factorwasthencomputedfromthemeasuraentsusingtheequation:

Te 1 - (Te/Tt)rc=— -Tt ~-l-y-M=
(2)

Therecoveryfactordefinedby theequilibriumtemperatureisusefulfor
makingcomparisonsbetweenthehot-wirephenomenonandtheoreticalsmd

—

experimentalresultsforcontinuumflow.

Heat-TransferRates

Withtheapplicationofan end-losscorrection,thepowerinputto *
thehotwireequalstheheattransferredtothestream%yforcedconvection:

—

(3)

whenradiationeffectsareneglected.Equation(3)formsthebasisof
theheat-transfer-ratedeterminationbecause=hentheend-losscorrectiti
z,themeantemperaturepotential~, andthemesmpowerinput I%.& are
known,thedimensionlessheat-transfercoefficient,orNusseltntier,
canbe formed:

(4]

Twofactorsontheright-handsideofequation(4)arenotreadilymeas-
urableandmst be calculated.~ey aretheend-losscorrectionz and
themem temperaturepotentialt. Hereinliesa fundamentaldifficulty
intheuseofthehotwire. Thesecorrections(a)can,if inaccurate,
introducean apparentnonlinearityinthevariationofheat-transfer
coefficientwithoverheatratiosand(b)arein~~elves no~inear
functionsofoverheatratio,aswillbe shownlater.

1
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Theend-losscorrectionz isthessmeasthatdescribedinref-
erence1. Thederivationoftheend-losscorrectionofreference1
incorporatestheassumptionsthatthewirehasno second-ordertemperature
coefficientof resistivity,thattheheat-trsusferrateislinearwith
temperaturepotentisl,sndthatthewirethermalconductivityis constant.
@nerally,theseassumptionsarenotmetinpracticeanddeparturefrom
theseassumptionscanconceivablyleadto emapparentnonlinearitybetween
heat-transfercoefficientandtemperaturepotential.An assessmentof
theircombinedeffectsupontheend-losscorrectionhasbeenmadeandis
shownin ftgure3. Figure3 showsend-losscorrectionz asa function
ofoverheatratiofordifferentvaluesoftheend-lossparameterSo.
TheparametersP/a2aud~,respectively,representdeparturesfroma
“linear”wireandfroma flowinwhichtheheatlossisproportionalto
thetemperaturepotential.Fora givenwireandfixedfree-stresmcondi-
tions,thequantitySo is a functionoftheNusseltnumberonly

(So= (D/Z)(~=) (1/~)). Whenthe~sseltnuniberat zerooverheat
ratiois regardedasbeingdeterminedby thefree-streamconditionsonly,
thecurvesatvariousvaluesof So in figure3 cambe interpretalas
end-lossvariationwithoverheatratiounderfixedflowconditions.In
general,thesmallvaluesof So areassociatalwithhighReynoldsnumber,
lowMach-er flows.Thesmalysisforend-losscorrectionz shows

4 thatanytemperaturenonlinearitiesassociatedwiththeresistivityof
thewireandtheheat-transferrateaffectthevalueof z mostforlarge
valuesof So. Therefore,theend-losscorrectionwascalculated(by
mechanicalintegrationoftheresultingnonlineardifferentialequation)
fortwononlinearcasesusinga relativelylargevalueof So (0.1~).
It shouldbe notedthat So isusuallylessthan0.15forpracticalhot-
wireapplications.A singlecalculationwasmadeto determinetheeffect
ofvariationofwirethermalconductivityalongthelengthof thewire
upontheend-losscorrection.Theresultofthiscalculation(fig.3)is
essentiallythesameastheresultfor 13/cL== ~ . 0.10. Fromthisit is

concludedthat,althoughthetaperaturedistributionis changeddueto
theadditionalnonlinearityintroducedby thewirethermalconductivity
variation,theendlossisunaffected.Wtatively, thisresultis
expectedbecausetheendlossisprimarilydependenton theslopeofthe
temperaturedistributionattheendsofthewire. Neartheendsof the
wirethetemperaturedistributionmustofnecessityapproachthelinear
onebecausetheendsofthewireareat equilibriumtemperature.Inspec-
tionoffigure3 showsthatthelinearcorrectionyieldsvaluesfor z
thatdifferatnmstby 1/2percentfromthenonlinearsolutionswhich
representcloserapproximationsto actualcases.Forend-lossfactors(z)
above0.85,thelinearapproximationthusappearsadequateup to overheat
ratiosof1.

An additionalusefulcharacteristicof theend-losscorrectionshown
infigure3 isthatforoverheatratioslessthan1 thevariationof z
withoverheatratioforfixedfree-streamconditionsisapproximately
linear:

z S2. (1 + ~~j (5)
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TheslopeovertheoverheatratiorangefromO to 1 canbe approximated
by ic= ~z/hw evaluatedat an overheatratioof0.50forthelinear
c&se.A goodapproximateionforthefactor~ istheresult:

1K=-so
4

(6)

fi equation(4),theotherquantitywhichcanleadto anapparent
temperaturenonlinearityif inaccuratelydeterminedisthemeantemper-
aturepotential,F. Themeantemperaturepotentialisdeterminedfrom
themeanwireresistanceanditstemperaturecoefficientsof resistivity.
Overa widetemperaturerange,theresistanceandtemperaturepotential
fora wireof infinitelengtharewellrepresentedby a second-degree
equation:

.

,
Rw =Re(l+~t + ~et2) (7)

where ~ and~e arethefirst-andsecond-ordercoefficientsofresis-
tivityevaluatedattheequilibriumtemperature.Withuniformflowcon-
ditionsexistingalongthewirespanandwi~ theendsassummlat equi-
libriumtemperature,themeantemperaturepotentialhasbeencalculated -P
approximatelyandisgivenintermsoftheoverheatratio(AppendixA) as:

.-

‘=~b+$$’
(8) “

TheNusseltnunibercalculations(eq.(4))werecarriedoutfromthepower
measurementswheretheend-losscorrectionswerefoundfromequation(5)
andthemesnwiretemperaturesweregivenby equation(8).

DependenceofHeat-TransferRateonOverheatRatio

Onecanevaluatethevariationoftheheat-transferratewithover-
heatratio,ortemperaturepotential,by definingtheconvectionheat-
transfercoefficientas follows:

h = ho(l- @w) (9) *

—

Then,forthegeneralcaseinwhichthewireisoperatedatvariousover-
heatratiosunderfixedflowconditions,equation(3)canbe written

m
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.

Thegroupof const=tsbeforetheterm F/12 represents
forzerooverheat
be smallcompared
1,theright-hand
by performingthe

(lo)

the limit 12/5
ratio.It is anticipatedthat-~, 13e/%2,and ~ till
tounity.Forthis‘&e smdforove%&t-ratios‘below
sideof eqqation(10]cm be approximateedmoresimply
indicatedoperationsmd neglectingcrossproducts:

(n)

Fortypicalvaluesof ~, ~e/~2)=d ~ subsequentlyfound,theapproxi-
mateformof equation(11)agreestowithin1 percentwiththeexact
expressionof equation(10).Equation(U.),therefore,suppliesa simple
mesnsforindirectlymeasuringthenonlinearcoefficient~ intermsof
currentandoverheatratio forfixedflowconditions.Thevalueof E
is determinedfromtheslopeofthestraight-linevariationpredictedby

* equation(U_)whenthevaluesof R andp~a& areknown.

AccuracyofMeasurements

Flowmeasurements.- Machnsuiberinthe2-by 2-footwindtumnelwas
obtainedfroma Machmeterwhichwascalibratedto N.005of indicated
Machnumber.Totaltemperaturewasmeasuredonthecenterlineofthe
tunnelinthesettllngchamiberwithan iron-constantanthermocoupleto an
accuracyof A1/4°F. Totalpressurewasmeasi.red’inthesettlingChmber
by a mercurymanometerwithanuncertaintyinthereadingof ~.05 inch
ofmercury.Theseuncertaintiesassociatedwiththeflowmeasurementsalso
applyto correspondingdata”obtainedfromthe1-by 3-footwindtunnel.

Heat-trsmsfermeasurements.- !lhepowerdissipatedby thehotwirewas
measuredwithanuncertaintyof 3/4percent.In formingthedimensionless
Nusseltnuniberfromthepowermeasurements,it isnecessaryt.oestimate
themeanwiretemperaturefromtheresistancemeasurement.Thisrequires
thatthetemperaturecoefficie&csof resistivityforthewiresbe known.
Thefirst-ordertemperaturecoefficient,a, forthewireswasdetermined
fromresistsmcemeasurementsmadein a veqylow-speedflowforwhichthe .

\ .. air“temperaturevariedoverthersage60°to U.OOF. An upperlimitof
theuncertainy ofthefirst-ordertemperaturecoefficientofresistivity
by thismethodisabout5 percent.Thesecond-ordertemperaturecoef-“
ficientofresistivitywasnotdirectlydeterminedforanyofthetest
wires.ForwireNo.2,however,thequotient13/CL2wasmeasuredby
oyeratingthewirein a highvacuumto obtainmeasuresofthequantity
RcL/Zas a functionofoverheatratio.me valueof thestrai@t-line
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slopeobtainedfromthismeasurementcanbe showntobe the
(AppendixB). ForwireNo.2,thevalue0.137wasobtained
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e

quantityp/a2
fromthe .

va-&ummeas&ementsandagreeswellwiththe-valueO.l~ foundfora
2-inchsamplefromthesamespoolby independentresistance-temperature
measurements(samplesealedinnitrogen-filledp~ex tubeandheatedin
electricfurnace,seetableI). Itwasassumedthat ~/CL2forthe2-inch
sampleswasrepresatatlveforallofthetestwiresfromthesamespool.

To sumarizetheuncertaintiesassociatedwiththequantitiesreported
here,an erroranalysishasbeenmadeinwhichalluncertainties’associated
withtheprimarymeasurementsareassumedtobe’additive.Theresultis:

Thedatadiscussed
thebasisofa Reynolds

Uncertainty,
Quantity percent

11~ “ 6
Te 1/2
Tt 1/10
M 1 —

~w _ Te 5
~N 8

*

E 20
.

RESULTSANDDISCUSSION

inthefollowingparagraphshavebeenanalyzedon
numberdefinedby thefree-streamconditionad

by a
tate

Nusseltnuniberbasedon equilibriumtemperature.In orderto facili-
changeto otherbases,thedatahavebe-asummarizedintableII,

EquilibriumTemperatureTests

Intheunheatedstate,thewireassumesa temperaturebetweenthe
free-streamandthetotaltemperatureofthestream.Thistemperature
is calledthewireequilibriumtemperatureandisanalogoustotherecovery
temperatureforboundary-layerflows.A recoveryfactorcanbe calculated
foreachmeasurementor equilibriumtemperaturewiththewireby using
equation(2). Inwhatfollows,theequilibriumtemperaturesadthecor- *–

respondingrecoveryfactorarediscussedin co~unction.Attentionis
directedfirsttomeasurementsinthesubsonicrange. “

Thecharacteristicsof equilibriumtemperatureandthecorresponding
recoveryfactorareshowninfigure4(a).Equilibriumtototaltemperature



13NAC!ATN 3965

ratio,hereafter
Remoldsnunibers
curverepresents

calledsimplyequilibriumtemperatureratio,fortwo
isplottedas a functionoftheMachnuniber.Thedashed
thetrendofthecorrespondingrecoveryfactors.No

significantvariationin theequilibriumtemperatureratiowithReynolds
nuniberwasfoundfortheReynoldsn@ers ofthepresedtests.Thusthe
MachnumberdeterminestheequilibriumtemperatureratioforthisReynolds
ntier range.Tbevariatimof equiklbriumtemperatureratiowithMach
numberchsmgesabruptlyat a Machnuniberslightlybelow1 (aboutM = 0.9).
Inthesubsonicrangebelowa Machnuniberof 0.9,theequilibriumtemper-
aturefallsbelowtherecoverytemperatureforthelaminarboundarylayer,
whichis characterizedbyconstantrecoveryfactorof & = 0.836.How-
ever,thetrendofthemeasurementssuggeststhattherecoveryfactorfor
thewireisitselfconstsmtinthisregion.Up to M = 0.9,therecovery
factorwasfoundtobe within2-1/2percentofthevalue0.78.

For,Bhchm.uibersgreaterthan0.9,theequilibriumwiretemperature
ratioisindicatedtobe constsntat a valueofapproximately0.97, The
twopointsata &ch tier of 3 aretakenfromreference8. Thecor-
respondingcalculatedrecoveryfactorincreaseswithMachnuniberand
approachestheasymptoticvsllueof0.97. Thisis duetotherelationthat
existsbetwearecoveryfactorandtheequilibriumtemperatureratio
(eq.(2)).

A, TheequilibriumtemperaturedatafromtwoconstantReynoldsnumber
runsofthepresenttestarecomparedwiththeresultsofStaider,Goodwin,
andCreager(ref.4) in figureh(b). Thedataareplottedagainstthe.
I@udsennuniber.Thedashedhorizontallineat rc = 0.97correspondsto
thelimitin recoveryfactorimposedby virtueofa constantsupersonic
valueforequilibriumtemperatureratio.Thedeparturefromthesubsonic
value(rc= 0.78)occnumnearMachnuniber1. Theactualdeparturepoint
dependsupontheReynoldsnuuiber.ForincreasingReynoldsnmibersthis
pointmovestolowervaluesoftidsennumber.Themeasuredpointsfrom
thepresenttestareforReyuoldsnmibers28and56. ForMachnumbers
above1.9(solidpoints}themeasurementsof thepresenttestagreewell
withthosedataofreference4 whichwereobtainedatMachnunibersbetween
1.9snd3.2andwhichlieinthesametidsennumberrange.ForhighMch
numbers(M> 2.,say)in anyseriesof constsatReynoldsnumberruns,the
asymptoticapproachestothelimit rc = 0.g7forma locusofpointswhich
gives,essentially,independenceof recoveryfactorwithReymoldsmmiber
inthisrsngeofKhudsenm.niber.Thisis theresultnotedinreference4.
At titiennunibersgreaterthan0.2,however,therecoveryfactormeasure-
mentsofreference4 indicatethatfree-molecule-floweffectscausethe
recoveryfactorto increase.

Heat-TransferTests

.
Inthepresentationofheat-lossdatathereexiststheproblemof

selecting(1)thecontrol
thestatepropertiesthat

parametersand(2)thebasisfore~aluationof
determinetheparameters.As notedpreviously,
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theheatlossfromhotwiresisa functionoftheFrandtl,Reynolds,and
llachnuniberaswell.astheoperatingtemperatureofthewire. ThePrandtl .
numberforairisessentiallyconstantoverwidetemperaturersmges;and
forthisreason,ithasnotbeenconsideredasa parsmeterforpresentation
ofthesedata.VariousbasesforcomputationoftheReynoldsnuniberhave
beensuggested(refs.1, 2, 3,and4). Generally,proposedbasesfor
definingthestatefunctionsarechosenin sucha wayasto reduceMach
numiberandtemperatureloadingeffectsupon%-eheat-trsmsferrate. The
Reynoldsnuniberbasischoseninthisreportisthesamestateusedto
definetheMachnumber- namely,thefree-streamstate.TneNusseltnuuiber,
Ontheotherhsnd,iSbasedon-tie- condu~ti~tyev~uatedat eq~-
libriumwiretemperature.Thesechoicesweremadebecauseit simplifies
thepresentstudyoftemperatureloadingeffectsontheheat-transferrate.

Constantoverheatratio.-ThevariationofNusseltnumberwithMach
nuniberis showninfigure5 forvariousvaluesof free-streamReynolds
number. Themeasurementscorrespondto a cons@ntoverheatratioof 0.95.
Forthisconditionthemeantemperaturepotentialofthewireaboveequi-
libriumtemperatureis constantandcorrespondsto approximately400°F.
ThedashedportionofthecurvesextendingtolowsubsordcMachnuuibers
areextrapolationsofthedatatothewidelyusedheat-losscorrelation
forcylindersin crossflowof reference9 whichisforincompressibleflow
(M< 0.06).An abruptchangeintheheat-tr~ferrateocws at~~ ._.
number1. Theheat-transferratecontinuesto decreasewiAhincreasing
Machnumlber;however,therateof decreasewithlhchnumberismuchmore
gradualthanforsubsonicMachnumbers.Thisbehaviorisconsistentwith
thewell-knownfactthattheflowoverbluntbodiestendsto approacha
fixedpatternasthefree-stresmMachnuniberisincreased.

me variationofNusseltnuniberwithReynoldsntier is shownin figu-
re 6. At constantMachnurber,a linearrelationholdsbetweenNusselt
numbersmdthesquarerootofthefree-streamReynoldsnuniberfortherange
ofthepresenttests.Alsoshowninthefigureareresultsfromrefer-
ences4 and10 (atnearlythesametemperaturepotential)whichgive
Nusseltnuniberas a functionofReynoldstier forveryl+mrReynolds
numbersintheslip-flowandcontinuumrsnge,respectively.Thegradual
decreasein slopeoftheconstantMachnumbercurvesinfigure6 aslkch
numberis increasedareconsistentwiththeresultsofreference4. It
shouldbe notedthatlinearextrapolationsoftheslopesof thepresent
testtoReynoldsnumiierslessthan16 areunwarrantedbecauseofthenon-
linearrelationbetweenNusseltnunlberandthesquarerootofReynolds
numberwhichis especiallyprono~cedathigherl.kchnumbers. —.

Shownalsoinfigure6istheheat-tramsfercorrelationforcylinders
inincommessibleflowrecommendedinreference9whenallowanceismade
forthe~emperaturedependenceoftheheat-lossrate.lCalibrationofa

‘Equation(4c)ofreference9 isbaseduponaveragefilmtemperature.
Whenthecorrelationis expressedintermsof equilibriumandfree-strefi
state(essentiallystagnationstateforlowMachnunibers),thetemperature
dependencyforanoverliee,tratioof1 modifiestheconstaats,tothevalu(.s:
NN = 0.45+ 0.51NR0”52.

—

--

s .-

.

“
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0.00015-inchwirein a.low-speedsubsonicchannel(0.02< M< O.0~)at a
constantoverheatratioof1 agreedwiththiscurveovertherangetested.
Measurementsmadeatthereferencepoint(M= 0.07)forthetrsmsonictests
agreedwellbothwiththelow-speedcalibrationdataandtherecommended
equationofreference9;thus,thewirereferencemeasurementservesto
establishtherelativedifferencebetweenincompressiblecorrelationsand
thecorrelationsat constant&& nuder inthetransonic andsupersonic
me.

ThevariationofNusseltnunberwithRemoldsnwiberat constant
valuesoflhchnumbershownin figure6agreesqtiitativelywiththe
predictionoftheapproximateslip-flowtheorypresentedin reference11.
However,thetheoryofreference11predictsa considerablysmallerMach
nunibereffectthanis shownin figure6. !l!hisisprobablydue,inpart,
as statedin reference12,totherestrictiveassumptionof reference11
thatthedissipationtemmintheenergyequationisnegligible.b view
ofthequalitativeagreementwithreference11,someofthedataofthe
presenttestswereplottedas a functionoftheKnudsennumber,thedimen-
sionlessnuniberthatspecifiesthedegreeofrarefactionofa gasfora
giVeIlbody. TheresultforthetransonicMachnumberrange,consisting
ofthedatafromthe2-by 2-footwindtunnel(wires1 and2),is shown
infigure7. Forthetransonicrange(0.5< M < 1.3),thedatacorrelate
fairlywella%outa singlecurve.FortheconstsmtRe~oldsnumberruns
shownin figure7,notethattheMachnumiberincreaseswithmudsennumber
(M- NK for ~ fixed).!Ihus,thehighesthudsennuniberpointin a
givenReynoldsnunibersequencerepresentsa Machnuniberof1.3. A Mach
nuder effectcanbe detected;however,theeffectis smallandthegross
correlationisthesignificantone. TheMachnumbereffectH be reduced
by incorporationof thePrandtlnumberbasedon free-streamtemperature
(thatis,using M/~Np as correlatingparameter).Thesignificanceof
thecorrelationIn figure7 isthatinthetrsnsonicraugethehotwire
is sensitiveprimarilyto changesin densitysincelhudsennuniberis
inverselyproportionalto thedensity.Theinsensitivitytovelocity
changeatMachnmibersnear1 wasnotedinreference3. ForMachnumbers
outsidetherange0.5< M < 1.3,thecorrelationagainstKnudsennumber
doesnotapply.

Variableoverheatratio.- At constantoverheatratio,theprevious
resultshaveshownthattheI?uss&Ltnumibercanbe uniquelydefinedin
termsoftheMachnumberandtheReynoldsnumber.However,as inticated
previously,Nusseltmniberisnotindependentofwiretemperatureas char-
acterizedby theoverheatratio.Therefore,a seriesoftestsatvarious
overheatratioswere~lyzed to determinethenonlinearheat-trausfer-rate
effects.Heat-transferdataforthisanalysiswereobtainedat a nuniber
ofoverheatratiosins,seriesofflowshatingfixedfree-stresmReynolds
numberandMachnuiber.

Figure8 showsthenonlinearoverheatratiocoefficientasa function
ofMachntier at constazrtReynoldsnurber.me nonlinearoverheatratio
coefficientwasfoundby
tion(n). Althoughnot

the method indicatedinthediscussionof equa-
manymeasurementsweremadeatlowsubsonicMach
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numbers,theindicationsarethatthecoefficientdoeschangesigninthis
speedrange- whichagreeswiththeresultsofreferences3 and6.
Hilpert’sdataindicatea 6-percentincreaseintheheat-transferratefor

.

verylowMachnumbersanda Reynoldsnumberof180;andSpangenberg~sdata
efiibita reversalinthecoefficientatparticularMachnunhers.As Mach
nuniberincreases,thecoefficientincreases,approachinga maximmvalue
asMachnumberapproaches1. IntermsoftheNusseltmmiberforthe
~ = 28 ccnditicnandan overheatratioofl,the valueofthenonlinea.
overheatratiocoefficientcausesa decreaseinNusseltnurtiberrelative
toverylcwoverheatratiovaluesby about14percent.Forsupersonic
Machnunibers,thecoefficientdecreaseswithincreasingMachnuniberata
gradualratesothatovera considerablerangethemagnitudechangesby
smallamounts.It shouldbenotedthatthemeasurementsofreference1
givea nonlinearoverheatratiocoefficientof0.16t 0.03inthesuper-
sonicrange1.12< M< 1.84butshowno systematicvariationwithMa&
numberorReynoldsnmiber.

Variableoverheatratiomeasurementsatno?rdnalReynoldsnuiriiersof
52and100weremade.inthel-by 3-footwindtunnel.Alsoa subsonic
checkmeasurementwasmadeatReynoldsnu?iber28to obtainresultscorre—-“’
spendingto themeasurementsmadepreviouslyinthe2-by 2-footwind
tunnel.Thesedataarealsoincludedin figure8. Resultsfromthetwo
facilitiesshowthatforsubsonicMachnuniberlthecrossoverMachnumber .=

increaseswithincreasingReynoldsnunibers.“Qualitatively,themeasure- ““ * z
mentsofreference3 etiibitthisbehavior,too,althoughtheapparent
crossoverMachnumbersarelower.(Thisis~robablyduetouncertainties “- - ‘
inthemagnitudeofthefirst-andsecond-ordertemperaturecoefficients
ofresistivity,becausea smallerrorinthesequantitiesraisesorlowers
thecurveswhichaffectsthecrossoverpointconsiderably.)Trendsinthe
dataforsupersonic..Machnuuibersshowthatthenonlinearoverheatratio
coefficient decreaseswithincreasingReynoldsn@er. No measurements
inthesupersonicrangeresultedinnegative.yaluesfor ~ (i.e.,Nusselt
nuniberincreasingwithoverheatratio).AboveMachtier 2.5,the “–
nonlinearoverheatratiocoefficientappearsto approachzeroasan

.-

asymptote.

Thenonlinearityofheatlosswithtemperaturecannotbe explained
by thedependencebetweenthermalconductivityandtemperature(k. T

—

a~proximately)jbecausethelocalheat-transfercoefficientisdirectly
proportionaltothethermalconductivityofair. Thisproportionality
shouldcausetheheat-transfercoefficientto increasewithwiretemper-
ature- if itweretheonlyeffectacting.Measurementsofthenonlinear
overheatratiocoefficientinthetransonicrange,however,showthat,in
general,theheat-transfercoefficientdecreaseswithoverheatratio.
Theforegoingresultsindicatethata completetheoryforheattransfer
mustaccountforobserveddeparturesfromlinearitybetweenheat-transfer
rateandtemperaturethatareespeciallyimprtsntinthetransonicMach
nuniberrange. .



NACATN 3965

coNcLusmNs

Resultsof equilibriumtototaltemperaturead heat-transferrate
measurementsforhotwiresoperatingattransonic andsupersonicspeeds
cabes ummarizedby thefollowingconclusions:

10 Up to a Machnu?iberof 0.9,theequilibriumto totaltemperature
ratiois characterizedby a constantrecoveryfactorofapproximately0.78.

2. ForsupersonicMachnumbers,theequilibriumto totaltemperature
ratiomaintainsa constsmtvalueof 0.97up to a mudsennwiberofabout
0.13.

3. Forconstszrttemperaturepotential,theNusseltnumberis a func-’
tionoftheReyuoldsnuniberad Wch nuniberonly. InthetransonicMach
nuniberrange,thedependencyonMachnuniberandReynoldsnumberis such
thattheheat-losscharacteristicdependsprimarilyontheKindsennuniber,
indicatingthattheheat-losscharacteristicsaredependentprimarilyon
thefree-stresndensityinthh range.

4. Measurementsofthenonlinearoverheatratio(ortemperature
potential)coefficientexhibitReynoldsnuniberandMachnumberdependen-

* ties.ForlowsubsoticMachnumber,thenonlinearitycausestheNusselt
nunberto increasewithoverheatratio.At a subsonichkchnuniber(cross-
overMachnmiber),theeffectchangessignsothatNusseltnuniberdecreases
withoverheatratio.ThecrossaverMachnumberincreaseswithReynolds
number. ThemaximumnonlineareffectoccursatMachnunber1 forfixed
Reynoldsnumber.IncreasingReynoldsnumberdecreasesthenonlineareffect
inthesupersonicrange.

AmesAeronauticalLaboratory
NationalAdvisoryCommitteeforAeronautics

MoffettField,Calif.,Feb.1,1957
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APPENDIXA

MEWNWIRETENPERATURXINTEEUEOF OVEREEATRATIOANDTEEFIRST-

SECOND-ORDERTEMPERATURECOEFFICIENTSOFRESISTMTY

Wireresistanceisdefinedintermsofthefirst-md second-order
temperaturecoefficientsas

Rw =Re(l+~t + 13et2) (Al)

Thetemperaturedistributionalonga wireofvariablethermalconductivity
withnonlinearitiesintheheat-transferratesudintheresistance-
temperaturevariation(i.e.,~ # O md ~e# O) canheapproximatedbythe
temperaturedistributionforthesimplelinearcase:

‘=t*(’-*)’or”hi-=t*(’-m’’m(H)m
where S’ representsanalteredvalueoftheparsmeterS to account
fornonlinearities.By properselectionoftheterm S’,whidhis depend- -
entmainlyonwirecurrentandoverheatratio,equation(A2)canbe made
to approximatethenonlinearcases.Thefollowingdiscussionindicates
thattheselectionof S’ isnotcritical.Theaverageresistanceof
thehotwireisobtainedby integratingoverthewirelength:

Completion.oftheindicatedintegrationgives

r

(A3)

(A4)

.—

.
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Forhot-wirework,
for S1 areof the

19

it can be shownthat1/S’> 6 usually;typicalvalues
order0.10.Underthiscondition:

talh~=l
s’

1 <<1
S’cosh2&

1
I

- 2sfz (;/t*)=

Useofthepreviousappro~tions givesforoverheatratio

(A6)

. Thelasteqmtionshowsthatthefirst-ordertemperaturecoefficientof
resistivityismodifiedhy theterminthebracketswhenthewireoperates
overwidetemperaturepotmtials. In anticipationofthefinalresult,
thetemperaturepotentialthatappearsinsidethebracketcanbe replaced
by (~/ae)[l+ (pe/me2)~]to obtain

(A7)

Theterms(1+ S~/2)and[1+ (~e/~2)=w]tendto canceleachotherover
theoperatingrangeofoverheatratiosup to 1 for ~e> 0,whichisthe
casefortungsten.Thus,equation(A7)showsthatthepars.meterS’ plays
a minorroleinthedeterminationof overheatratio.Therefore,the
temperaturepotentialandoverheatratioarerelatedto goodapproximation
by

(M)
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APPENDIXB

.

.

MEASUREMENTOF ~/a2BY OF!ERATINGWIRESUNIXRHIGHVACUUM

Analysisoftheheatlossfroma hotwirewhentheentireinputis
conductedalongthewirelengthto a heats@k attheendsupportsgives
themeanoverheatratiointermsofwireconstantsandwirecurrentas

where

(Bl)

(B2)

Solvingequation(B2)for me intermsofwirepropertiesandcurrent
gives

(B3)

Thequantitywithinthebracketsis fixedfora givensinktemperature,
Te. Thequotient(m/I)=(eq.(B2))is determinedforeachoverheatratio
withtheaidof equation(Bl).Notethat,ifthesecond-ordertemperature
coefficientofresistivitywerezero,(m/1)2wouldbe constant.Thus,a
variationofthequotient(m/1)2withoverheatratioproducesa measure
ofthequamtity~/a.2.Thislaststatementfollowsasa consequenceof
theresultshowninAppendixA (eq.(A8)),nmely,thattheeffectofa
second-ordertemperaturecoefficientisgiventogoodapproximationby
modificationofthefirst-ordertermbythequantity[1+ (P/a2)~w].The
resultwasfoundfora hyperboliccosinetemperaturedistribution,andalso
appliesforthecosinetemperaturedistributionfoundforthewirethatis
heatedina vacuum.Thus,onecanwriteequation(B3)as

Whenequation(B4)isnormalizedwithrespecttothe
tient(m/1)2forzerooverheatratio,theresultis

1+ (YgI
()%210

(B4)

valueofthequo-

(B5)

—
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TABLEI.-WIREPROPERTIES
.

2-ti.sanple---
2-in.ssmple---

1 n6
2 356

340
: 367
5 712

D,
in. I q:l

0.000150.00222
.mo30 *00209
.00015.00254
.00030 .00261
●00030 .0026
.00030.0026
.00015.00239

&2

4.88xlo-7
6.05xL&

---
---
---
---
---

To convertto referencetemperature

a.f
ar Z

1 + ~(Tr - Tf)

Pf
Br z 1 + ~(Tr - Tf)

O.ogg
.138
---
.137
---
---
---

base:

.

.

.

●
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18.1
18.6
u3.6
19.6
19,1
18.3
19.8
20,1
2Q.q

28.0
28.6
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27,6
28.2
27.8
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27,9
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50.1
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49.1

M
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1,1o
l.m

w
,0?
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1,00
1.1o
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l,y3
1,40
,o?

:?
.5Q
.9s

l,m
1.10
l.m
1.30
1.40
.07
.W
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.W
.0-(
.XJ

:Z—

‘%

TABLE 11.- TKsuuwToIvoFw
(a)Heat-lossdataat cone-ban-hoverheat ratio

‘u%
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T
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99.3
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Wi8LE II.- T!MWIATIONOFDATA- Concluded
(b)Nonlinearheat-lossmeasurementsatvariousoverheatratios
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I
4

—

~.1
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26.8

27’.0

26.4
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